ABSTRACT
INTRODUCTION
DNA methylation occurs at the C-5 position of cytosine in most eukaryotic organisms, resulting in 5-methylcytosine (5mC) (1, 2) . 5mC is found predominantly in the symmetric CpG context in mammals and other vertebrates (3, 4) , as well as CHG (H = A, T or C) and asymmetric CHH contexts in plants (5) . They constitute important epigenetic marks that are implicated in repressed chromatin state, inhibition of transcription and genome stability (1, 2) . Faithful inheritance of these epigenetic marks is essential to cell functions (6) while aberrant DNA methylation is associated with various diseases and disorders (7, 8) . Major players in the maintenance of DNA methylation in mammals include DNA methyltransferase (Dnmt1) and UHRF1 (ubiquitinlike, containing PHD and RING finger domains) (9) (10) (11) (12) . UHRF1 contains a SET and RING-associated (SRA) domain that preferentially binds to hemi-methylated DNA relative to the fully methylated or unmodified DNA (10, 11) . In the structure of the DNA-SRA complex, the 5mC base is flipped out from the DNA duplex and is accommodated in a binding pocket of the SRA domain, potentially preventing the protein from sliding along the DNA strands (13) (14) (15) . Similarly, the dimeric SRA domain from the Arabidopsis thaliana SUVH5 binds to 5mC-containing DNA either at fully-methylated or hemi-methylated CpG, CHG or methylated CHH sites. It flips out both 5mC and its partner base in the complementary strand from the DNA duplex. Each of the extruded bases is positioned in one binding pocket of an individual SRA domain (16) .
The eukaryotic SRA-like domains are also found in bacteria, although they are not associated with the SET and RING domains in the genome. Oftentimes they are fused or associated with restriction endonucleases (REases) (17) . For example, the latest structurally characterized type IV restriction endonucleases in bacteria, such as the MspJI family (16, 18) and the PvuRts1I/AbaSI family (19, 20) , possess DNA binding domains that are structurally similar to the eukaryotic SRA domains and adopt similar base flipping mechanism to recognise 5mC. Interestingly, they do not share any sequence similarity with the eukaryotic SRA counterparts. On the other hand, by using the eukaryotic SRA sequence as query, one can readily pull out more than 100 genes from bacterial genomes in GenBank, most of which having an annotation of 'SRA-YDG protein'. Beyond the computational prediction of the SRA presence in these genes, little is known about their functional roles. Sequence alignment reveals that these bacterial SRA domains share significant similarity to the eukaryotic counterparts, such as UHRF1 or SUVH5 SRA domains, suggesting a likely common ancestor. Conserved domain analysis suggests that most of these SRA-YDG genes consist of the N-terminal SRA domain and a C-terminal HNH-type nuclease domain. Given the binding preference to modified DNA for the eukaryotic SRA domains (13) (14) (15) (16) , it is likely that these genes may encode another class of the DNA modification-dependent restriction endonucleases.
Within this family of the SRA-HNH nucleases, we chose to study two close SRA homologs in Streptomyces coelicolor and Thermobispora bispora DSM 43833. In this study, we report the in vitro binding and cleavage of 5mC-containing DNA by the two proteins, as well as their in vivo toxicity in dcm + Escherichia coli cells. Structural modeling for two bacterial SRA domains and superposition to eukaryotic SRA domains are extensively studied and discussed. To our knowledge, this represents the first study on the activities of bacterial-sourced SRA-HNH protein.
MATERIALS AND METHODS
Bacterial strains and plasmid constructs used in this study were shown in Supplementary Table S1 . Primers used in this study are listed in Supplementary Table S2 . Oligos with different methylation pattern used in this study were summarised in Supplementary Table S3 . Growth of E. coli strains and DNA manipulation were carried out according to Sambrook et al. (21) .
Construction of vectors expressing Sco5333 and its derivative
The coding sequence of Sco5333 except for stop codon was amplified from total DNA of S. coelicolor A (3) 2 using KOD DNA polymerase (TOYOBO) and primers 5333EX-F& 5333EX-R. The PCR fragment was digested with NdeI and XhoI, and was inserted into pET44b as pJTU4356 to express C-terminal His6-tagged Sco5333. N-terminal Histagged Tbis1 was synthesized as overlapping gBLOCKs and cloned into pTXB1 (22, 23) using Gibson assembly.
Mutant proteins Sco5333 G32A , Sco5333 Y50A of the SRA domain and Sco5333 H228A , Sco5333 H253A of the HNH motif, and pJTU4356M expressing Sco5333 triple amino acid changes of His228Ala, Asn244Ala and His253Ala of the HNH domain were individually constructed using the KOD-Plus Mutagenesis Kit (TOYOBO). Primer pairs G32A-F & R, Y50A-F & R, H228A-F & R, H253A-F & R, 4356M-F & R were respectively used for PCR with pJTU4356 DNA as template. PCR products were treated with DpnI prior to ligation in Solution I (TOYOBO) mixed with T4 Polynucleotide Kinase (NEB). The ligation products were introduced into dcm-deficient E. coli JTU006 (24) to generate pJTU4381, pJTU4382, pJTU4383, pJTU4384 and pJTU4356M (Supplementary Table S1 ).
Measuring transformation efficiency
For transformation efficiency assay, 0.1 g of pJTU4356, pJTU4381, pJTU4382, pJTU4383 and pJTU4384 were individually introduced into E. coli DH10B and JTU006, respectively, and 0.1 g pET44b was also performed as positive control. For measuring the transformation efficiency of pTbis1, 0.1 g of pTXB1 Tbis1 was introduced into E. coli ER2566 (dcm − ) and E. coli ER2984 (dcm + ), and 0.1 g pTXB1 was performed as positive control. Transformation of each plasmid DNA was performed in three replicates.
Over-expression and purification of Sco5333, Tbis1 and Dcm methyltransferase
Dcm coding sequence was amplified by colony-PCR from E. coli DH10B using KOD DNA polymerase (TOYOBO) and primers dcmEX-F & R, the PCR fragment was treated with NdeI and EcoRI and ligated into the expression vector pET15b, generating pJTU4357 for producing N-terminally His6-tagged Dcm.
Expression constructs pJTU4356, pJTU4357, pJTU4381, pJTU4382, pJTU4383 and pJTU4384 were introduced into BL21(DE3)/pLysS respectively. 10 ml overnight culture of each above strains was inoculated into 1-l LB medium supplied with 100 g/ml ampicillin and 34 g/ml chloramphenicol, and was grown at 37
• C to OD 600 0.6, cooled to room temperature and isopropyl thiogalactoside (IPTG) was added to a final concentration of 0.4 mM, followed by another 5 h at 30
• C. The cells were harvested and resuspended in 20 ml binding buffer (20 mM Tris-Cl and 150 mM NaCl pH 8.0) and lysed by sonication in an ice bath. After centrifugation (16 000 g for 30 min at 4
• C), the supernatant was applied to a HisTrap HP column (GE Healthcare) and purified with an AKTA FPLC (GE Healthcare) by eluting with imidazole linear gradient 20-500 mM. The product was desalted by a HiTrap Desalting column (GE healthcare) and stored in 20mM Tris-Cl buffer pH 8.0 containing 100 mM NaCl and 50% glycerol at −30
• C. Purified Sco5333 and Dcm were visualized by Coomassie-stained 12% sodium dodecyl sulfate-polyacrylamide gelelectrophoresis (SDS-PAGE) analysis. Protein concentration was determined using a Bradford Protein Assay Kit (Bio-Rad).
For Tbis1, expression construct pTXB1 Tbis1 was introduced into T7 Express (NEB). Ten milliliters overnight culture was inoculated 2 × 1 l Luria-Bertani (LB) medium supplemented with 100 g/ml ampicillin. Bacteria culture was grown at 37
• C to OD 600 0.6, cooled to room temperature and IPTG was added to a final concentration of 0.3 mM. The culture was grown for additional 16 h at 16
• C. Cells were harvested and re-suspended in 50 ml sonication buffer (50 mM Tris-HCl, 50 mM NaCl, 1 mM ethylene diamine tetraacetic acid (EDTA), 1 mM dithiothreitol (DTT) and 2% glycerol at pH 8.0) and lysed by sonication in an ice bath. After centrifugation (23 000 g for 45 min at 4
• C), the supernatant was applied to a HisTrap HP column (GE Healthcare) and purified withÄKTA FPLC (GE Healthcare) by eluting with imidazole linear gradient 20-500mM. Those fractions of elutes were analysed by SDS-PAGE and nuclease activity on pBR322 (dcm + ) (25) 2+ and Ca 2+ (Sigma) was individually added into the reaction. Then the total volume of 20 l reaction mixture was incubated at 37
• C for 1 h, followed by digestion with 5 units of proteinase K (Roche), and then examined by electrophoresis in 0.75% or 1.5% agarose gel.
In the assay to compare the DNA cleavage activity of Sco5333 and its mutant protein Sco5333M (Supplementary  Table S1 ), conditions used were same as above except for concentration range of varied Sco5333 and Sco5333M (0-8 M).
For cleavage of plasmid DNA pBR322 by Tbis1, buffer used was 20 mM Tris-acetate pH 7.9, 50 mM potassium acetate, 1 mM DTT supplemented with 2 mM Zn 2+ , Mg 2+ , Mn 2+ , Co 2+ or Ni 2+ . 0.2 g pBR322 plasmid DNA isolated from ER2984 was incubated with Tbis1 of 0.01-3 pmol in 20 l reaction system at 37
• C for 1 h, followed by digestion with proteinase K at 55
• C to remove the bound Tbis1, and examined by electrophoresis in 1.2% agarose gel.
Amplification, methylation of 219bp DNA fragments as the EMSA substrate for Sco5333
The 219 bp fragment from NT885-1103 of pUC18 (accession no.: L08752) that contains two Dcm-methylation sites (NT954-958; NT967-971) was PCR amplified using primers 219 bp-F & R and purified, and then treated with 2 M purified Dcm methyltransferase in buffer (50 mM Tris-HCl pH 7.5, 5 mM ␤-mercaptoethanol, 10 mM EDTA and 160 M SAM) in a volume of 30 l at 37
• C for 1 h followed by heat inactivation at 85
• C for 10 . In addition, the 219 bp DNA fragment was methylated by commercially available methylases M.AluI, M.HhaI, M.HpaII, M.MspI, GpC(M.CviPI) and CpG(M.SssI) (NEB) respectively. For EMSA, Sco5333 of varied concentrations (0-0.2 M) was incubated with methylated 219 bp DNA at 37
• C for 5 min in 20 l binding buffer (20 mM Tris-Cl pH 8.0, 100 mM KCl), the reaction mixture was mixed with 4 l 6 × loading buffer (30 mM EDTA, 36% glycerol, 0.035% xylene cyanol, 0.05% bromophenol blue (TAKARA) and then resolved by 6% native-PAGE (80:1, acrylamide/bis-acrylamide) in 0.5× Tris-borate EDTA (TBE) at 10 mA at room temperature.
EMSA conditions of 55nt fragments for Sco5333
The 55 nt oligos 55ntDcm1 (NT929-983) and 55ntDcm2 (NT942-996) of pUC18, were used to study the binding affinity and the sequence specificity for Sco5333. To generate fully-, hemi-, and non-methylated 55ntDcm1 duplexes, four single-strand oligos were synthesized as below (Genebioseq Ltd):
5 -FAM-gaaacccgacaggactataaagataccaggcgtttc cccctggaagctccctcgt-3 ; 55nt-3: 5 -acgagggagcttccagggggaaacgc m Ctggtatctttatagtcc tgtcgggtttc-3 ; 55nt-4: 5 -acgagggagcttccagggggaaacgcctggtatctttatagtcctg tcgggtttc-3 .
Pairs of 55nt-1&3, 1&4, 2&3 and 2&4 were mixed in 1:1 molar ratio and annealed ramping down from 100
• C to room temperature in a water bath. The same strategy was used to generate four 55ntDcm2 oligos with different methylation pattern (55nt-5 to 8), as well as to 55ntDcm1 oligos harbouring systematic mutation of the base flanking the modified cytosine. All single-strand oligos were synthesized, and listed in Supplementary Table S3. In the EMSA of the 5-FAM labeled 55nt duplexes: 0.25 M DNA oligos was incubated with 1 M Sco5333 in 20 mM Tris-Cl pH 8.0, 100 mM KCl in a volume of 20 l at 37
• C for 5 min. The reaction was then mixed with 4 l 6× loading buffer (30 mM EDTA, 36% glycerol, 0.035% xylene cyanol, 0.05% bromophenol blue. TAKARA) and examined by 6% native-PAGE (80:1, acrylamide/bis-acrylamide) in 0.5× TBE and 10 mA at room temperature. The gel was visualized by FU-JIFILM FLA-3000 fluorescent image analyser (excitation wavelength 473 nm).
Measurement of the equilibrium dissociation constant (K D ) via isothermal titration calorimetry (ITC)
MicroCal iTC200 system (GE healthcare) was used to measure the K D of Sco5333 to fully-and hemi-methylated 54nt fragment. 80 l of 300 M Sco5333 was injected, and 300 l of 30 M 54nt fragment was in the sample cell. The titration was followed with the default ITC procedure and the data was analysed using Origin 7.0.
RESULTS

Sequence features of SRA and HNH domain of Sco5333 and Tbis1
Two SRA-HNH genes, sco5333 and tbis1, were identified in the genome of S. coelicolor and T. bispora DSM 43833 with ∼ 40% identity to the well-studied eukaryotic SRA UHRF1 and SRA SUVH5 ( Figure 1B ). Structural modelling of SRA Sco5333 and SRA Tbis1 was performed based on the crystal structure of SRA UHRF1 (PDB: 3CLZ) and SRA SUVH5 (PDB: 3Q0C). The overall secondary structure of the four SRAs is very similar except for a short ␤-sheet (motif I), an ␣-helix (motif II) and an additional ␣-helix (motif III) encoded by SRA UHRF1 ( Figure 1B ). Superposition of SRA Sco5333 to SRA Tbis1 revealed that their over- all structures are almost identical (Supplementary Figure  S1) , so we focus the following analysis on the SRA Sco5333 domain. SRA Sco5333 aligns well to the SRA SUVH5 in the key folds (␣-helix and ␤-sheets) as well as the functional motifs including the thumb, 5mC binding domain (Supplementary Figure S2A) . In addition to the motif I and motif II (Supplementary Figure S2B ), structural superposition revealed a much longer NKR finger loop in SRA UHRF1 which forms hydrogen bonds with the unpaired guanine and its adjacent cytosine via the side chain of N489 and R491 (Supplementary Figure S3 ). Despite that the structure of thumb finger in four domains aligned well, SRA UHRF1 uses V446 to replace the 5-methylcytosine, and form hydrogen bonds with R491, however, it does not directly pair with the orphaned guanine (>3.8Å) that is anchored by the charged R491. By contrast, SRA Sco5333 , SRA Tbis1 and SRA SUVH5 all use glutamine (Q), which has a longer side chain compared to valine. It replaces the 5mC and directly forms stable hydrogen bonds with the orphaned guanine ( Figure 1B , Supplementary Figures S3 and S4 ). The four SRA domains possess conserved 5mC binding elements either in the amino acids (marked with green dots above SUVH5, Figure 1B ) or in the tertiary structures ( Supplementary Figures S3 and S4 ).
Sco5333 and Tbis1 both contain a HNH nuclease motif, which is found in more than 2000 proteins related to nucleic acid processing in GenBank. Within the HNH domain, Sco5333 harbours a CX 2 CX 36 CX 2 C motif ( Figure  1C ) that is characteristic of a zinc finger (ZF) structure, which is also present in other proteins containing HNH nuclease domains, such as AnaCas9, Gme, T4eVII and McrA ( Figure 1C and Supplementary Figure S5) . The four zinc finger proteins have a common ␤␤␣-fold in which an additional divalent metal ion is coordinated either by residues DN (red) for first three proteins or by H. . . H. . . H(cyan) for McrA, respectively ( Figure 1C, Supplementary Figure S5) . The zinc finger in AnaCas9 was explained to stabilize the adjacent ␤␤␣-Metal Fold (27) . In some cases, the zinc finger could be CCHH, such as in Zif268 (28) or CCCH as in KpnI (29) . As another example, the SRA-HNH protein Cflav (accession no.: ADG74130) contains a CCCH zinc finger (Figure 1C) .
In vivo toxicity of Sco5333 and Tbis1 to E. coli with methylation
To purify Sco5333, its coding sequence was fused to 6×His-tag at C-terminus on pET44b and introduced to E. coli JTU006 (dam + , dcm − ) and DH10B (dam + ,dcm + ), respectively. While JTU006 gave normal transformants with high efficiency, few transformants (<5) were obtained for DH10B, among which a spontaneous mutant Sco5333 E42G was isolated. In order to evaluate the functional roles of the two domains for restriction of Dcm-methylated DNA, Sco5333 mutants, G32A and Y50A in the SRA domain, H228A and H253A at the HNH motif were individually introduced to E. coli DH10B or JTU006. Transformation efficiencies for all mutants into DH10B were restored to the level comparable to that for wild type sco5333 into JTU006 (Figure 2A) , suggesting that the in vivo restriction of Dcmmethylated DNA requires cooperative function of the SRA domain and the HNH motif. Consistent with this result, the full-length tbis1 was restricted by ER2984 (dam + ,dcm + ) but not by ER2566 (dam + , dcm − ). By comparison, transformation efficiencies of the SRA Tbis1 domain alone into ER2984 or ER2566 were not impaired and close to each other (Figure 2B) .
We then measured the restriction of BL21(DE3) expressing Sco5333 to the dcm-methylated plasmid. As showed in Figure 2C , the plasmid pRSFDuet1+dcm was easily uptake by BL21(DE3), but its efficiency into BL21(DE3) expressing Sco5333 decreased by >90%. In contrast, transformation of strains with blank vector pRSFDuet1 showed little difference in transformation efficiency.
We then compared the growth curves for BL21(DE3)/plysS (dam + ,dcm − ) expressing Sco5333, Sco5333 E42G and Sco5333M (triple amino acid changes of H228A,N244A,H253A) at 30
• C with and without IPTG induction. Our results suggest that there are no differences in the growth rates among the wild type and the mutants (Supplementary Figure S6) , implying that in vivo Sco5333 discriminates against Dcm-methylated DNA from nonmethylated DNA at high specificity. In sharp contrast to this observation, over-expression of Tbis1 induced by IPTG led to in vivo toxicity to the Dcm-deficient strain ER2566, suggesting promiscuous cleavage of the non-methylated genome DNA at high level of Tbis1 ( Figure 2B , third panel).
Effect of divalent metal ions to cleavage activity for both proteins
His-tagged Tbis1 and Sco5333 were over-expressed and purified ( Figure 3A and B) . In buffer without divalent metal ion, neither protein cleaved Dcm-methylated plasmid DNA, even with high protein:DNA ratio (120:1 for Sco5333, and 40:1 for Tbis1, Figure 3C and D). However, DNA cleavage activity were greatly stimulated in the presence of Ni 2+ , Co 2+ , Mn 2+ and Mg 2+ for Tbis1 (Figure 3D) , and of Mn 2+ , Mg 2+ , Co 2+ and Ni 2+ for Sco5333 ( Figure 3C ). The remaining Ca 2+ , Cu 2+ (data not shown) and Zn 2+ did not stimulate DNA cleavage activity. On the contrary, the stimulated cleavage activity was suppressed by equal or excess molar of Zn 2+ ( Figure 4A and B) . We then targeted the fourth cysteine by mutation in the zinc finger CX 2 CX 36 CX 2 C of Sco5333. Compared to the wild type, Sco5333 C252D displayed higher DNA cleavage activity and required higher concentration of Zn 2+ to suppress cleavage ( Figure 4C ), suggesting that a weaker zinc finger reduces the suppression of Zn 2+ . In addition, we compared the DNA binding affinity of Sco5333 by different metal ions. In the titration assay when the molar ratio of [protein]:[DNA binding site] is ∼7:1, excessive Zn 2+ showed the most prominent effect on the DNA binding affinity to 5mC-DNA ( Figure 5A ). We then set the ratio of [Sco5333]:[DNA binding site] to ∼0.7:1 and increased Zn 2+ concentration from 0.001 to 10 mM, and found increased shifting of 5mC-methylated DNA with the increasing concentration of Zn 2+ . (Figure 5B ).
Run-off sequencing of the open circular and linear pUC18 revealed that the nicking and double strand breakage sites on pUC18 are randomly distributed, not sequencespecific and not associated with 5mC sites. Cleavage of 5mC-DNA and non-methylated DNA by Sco5333 in the presence of Mg 2+ was compared. To our surprise, Mg 2+ activated the DNA cleavage activity of Sco5333 to a similar extent on two type of DNA (Supplementary Figure S7) . To determine if this weak non sequence-and non methylationspecific DNA cleavage is due to possible contamination of other DNA nuclease. Sco5333M, a Sco5333 mutant with all three catalytic residues (H228, N244 and H253) changed into alanine, was expressed and purified side-by-side with the wild-type. They were then assayed for their cleavage activity on pUC18 DNA with and without Dcm-methylation. Sco5333M completely lost the DNA cleavage activity even in high concentration (8 M) while Sco5333 still displayed DNA cleavage activity (Supplementary Figure S8) . Therefore, we ruled out possible contamination of nucleases and concluded that the weak and promiscuous DNA cleavage activity was indeed due to excessive amount of Sco5333.
Sco5333 and Tbis1 specifically bind to 5mC in all sequence contexts
When testing DNA cleavage activity of SRA-HNH proteins, strong mobility shift of pUC18 (dcm + ) for Sco5333 was observed. In contrast there was no shift of nonmethylated plasmid DNAs (Supplementary Figure S9) . We then chose Sco5333 to test the binding specificity of 5mC-containing DNA. A pUC18-derived 219 bp DNA was PCR amplified and methylated by seven cytosine-5 DNA methylases with different specificities ( Figure 6A ). Binding of Sco5333 gave rise to discrete shifted-bands to all methylated DNA duplexes but not to the non-methylated PCR product. Shifting of methylated DNA by Sco5333 becomes stronger as the methylated sites increases ( Figure 6A and C). Moreover, densely methylated substrates, such as CpGmethylated and GpC-methylated DNA fragments, resulted in multiple shifted bands ( Figure 6C ). These results demonstrated broad 5mC recognition specificity of Sco5333. No obvious DNA double strands breakage by Sco5333 to this linear fragment was observed (Supplementary Figure S10) . In addition, hemi-methylated DNA at the Dcm site, either on top or bottom strand, is recognized by Sco5333 and shifted in the assay (Figures 6A and 7A) . No shift was observed for the non-methylated 55nt duplexes (Figure 7A) . Similarly, Tbis1 specifically binds to fully-and hemi-methylated DNA, but not to non-methylated DNA (Supplementary Figure S11) .
To further look into the sequence binding specificity of Sco5333, we systematically changed the base flanking the inner C of the Dcm site (C m CWGG) into other three bases, 24 hybrid duplexes were generated and tested ( Figure 7B ). In all sequence contexts, the fully-or hemi-methylated duplexes clearly gave shifted bands. These results support that Sco5333 binds specifically to 5-methylcytosine in all se- Transformations of plasmids encoding Tbis1 or Sco5333 and its mutants into dcm + , dcm − and sco5333 + E. coli hosts. (A) The Sco5333 expression vector pJTU4356 and its mutants, pJTU4381 encoding Sco5333 Gly32Ala and pJTU4382 encoding Sco5333 Tyr50Ala in SRA domain, and pJTU4383 encoding Sco5333 His228Ala and pJTU4384 encoding Sco5333 His253Ala in HNH motif, were introduced into E. coli DH10B (dam + , dcm + ) and its dcm knock-out mutant JTU006 (dam + , dcm − ), respectively; All the amino acid changed proteins lost the lethal phenotype in dcm + E. coli hosts as pJTU4356 does, indicating that the in vivo restriction requires the SRA domain and HNH motif together. (B) pTbis1 encoding Tbis1 and was introduced into E. coli ER2566 (dam + , dcm − ) and ER2984 (dam + , dcm + ), respectively. Consistent with transformation of pJTU4356, pTbis1 leads cell death in ER2984 but not ER2566. However, overexpressing Tbis1 by IPTG induction in ER2566 leads cell lysis and death at high efficiency, implying promiscuous cleavage of non-Dcm methylated genome DNA was induced by high concentration of Tbis1. (C) pJTU4356 was introduced into E. coli BL21 previously, generating BL21/pJTU4356(dam + , dcm − , sco5333 + ). The dcm was cloned in pRSFDuet1, whose RSF origin is compatible with pBR322 origin of pJTU4356. pRSFDuet1 carrying dcm gene was efficiently introduced into BL21, but severely restricted by BL21 harboring sco5333. Figure S12B) .
As some eukaryotic SRA domains can bind to both 5mC and 5hmC (30, 31) , Tbis1 was measured for its binding affinity to 5hmC substrates by EMSA. Results showed comparable affinity for 5mC and 5hmC for Tbis1 (Supplementary Figure S13) .
In order to know the roles of SRA and HNH motif in the in vitro binding of 5mC sites, EMSA for wild-type Sco5333 and its mutants, G32A, Y50A in the SRA domain, and H228A, H253A at the HNH motif were performed and compared (Supplementary Figure S14) . Results showed that amino acid changes in the SRA domain (G32A and Y50A) abolished the in vitro binding to 5mC, but amino acid changes at the HNH motif (H228A and H253A) did not, demonstrating that in vitro binding to 5mC is governed by the SRA domain alone (Supplementary Figure S14) .
Binding properties of SRA-HNH proteins to methylated DNA
We then compared the binding properties of the bacterial SRA domain to the MBD (77-165) domain of mouse MeCP2 (32) . EMSA of the 54nt DNA with different methylation patterns showed that MBD preferentially binds to fully-methylated DNA but not to hemi-methylated DNA (Supplementary Figure S14) . Titration assay of Tbis1 and MBD of human MeCP2 (77-166, Cayman) demonstrated that Tbis1 had >100-fold preference on fully-methylated DNA over non-methylated DNA (Supplementary Figure  S15) whereas MBD of human MeCP2 had 64-fold preference to fully-methylated DNA (Supplementary Figure S16) , suggesting that the bacterial SRA domain is more specific in binding 5mC DNA.
To determine the affinity of Sco5333 binding to 5mC sites, the ITC approach was used to study the affinity parameters. The 54nt duplexes of fully-methylated, hemimethylated on top or bottom strand are used as the DNA substrates. Sco5333 binds to fully-methylated 54nt duplex with an equilibrium dissociation constant (K D ) of 4.1 M (Figure 8A ), slightly higher than 3.1 M for the top strand hemi-methylated and also >1.5 M for the bottom strand hemi-methylated DNA ( Figure 8B&C ). These dissociation constants are very close to that for SRA SUVH5 (16) .
According to tertiary structure prediction of Sco5333 and Tbis1 by the i-TASSER server (33, 34) , these two proteins adopt approximately globular shape. Gel-filtration analysis of Sco5333 and Tbis1 showed that Sco5333 forms as a homodimer in solution (Supplementary Figure S17) , while Tbis1 is predominantly a monomer (Supplementary Figure  S18) . The ITC assay suggested that the ratio for Sco5333 to DNA was ∼1 ( Figure 8A-C) , which reflects that 1 DNA duplex, with a symmetrically methylated site, might be bound by two Sco5333, namely one dimer of Sco5333 per DNA duplex.
DISCUSSION
Combinatorial domain assortment of SRA and DNA cleavage domains in bacteria SRA domains, originally identified in mammalian genes, play versatile roles in epigenetic regulation in eukaryotes. With its ability to bind to sites containing methylated cytosine, SRA domains may recruit associated proteins to interact with the DNA methylation machinery. In bacteria, eukaryotic SRA-like domains are often fused with nuclease domains containing HNH motif (17, 35, 36) . However, the vast gene family of these SRA-HNH remain functionally elusive. Recently, a number of structural work revealed that the common SRA fold is widely adopted by many bacterial type IV DNA modification-dependent restriction endonucleases. Examples include the DNA binding domains of the MspJI family (18, 37) , which recognizes both 5-mC and 5hmC; and those of the PvuRts1I/AbaSI family (19, 20) , which recognizes 5hmC and glucosylated 5hmC. In all cases, there is no apparent sequence similarity among them, possibly suggesting convergent evolution in action.
Examination of the domain association in these bacterial SRA-containing genes reveals that bacterial SRA domains are often associated with different types of DNA cleavage domains. For examples, in the MspJI family, the Nterminal SRA DNA binding domain is associated with the C-terminal type IIP-like endonuclease domain with characteristic D..(E/Q)XK motif (37) . In the PvuRts1I/AbaSI family, the C-terminal SRA DNA binding domain is associated with the N-terminal Vsr-like endonuclease domain (19, 20) . Here in this paper, the genes under study have Nterminal SRA domain and C-terminal HNH type endonuclease domain. In addition, in at least one case, an MspJI- (NT929-983) and 55ntDcm2 (NT942-996) of pUC18 are synthesized and annealed to generate fully-, top-, bottom-, and non-methylated 55nt oligos. Sco5333 shows high affinity to fully-, top-, bottom-, but not non-methylated 55nts. (B) The same strategy is performed to generate six groups of singlebase substitutions of 55ntDcm1 in which the base flanking the 5mC is replaced by other six bases. Sco5333 shows the same activity as that for 55ntDcm1, 55ntDcm2 and 55ntDcm1 single-base mutants, indicating Sco5333 recognizes and binds to all the 5mC contexts for either fully-or hemi-methylation.
like SRA domain is also fused with the HNH-type endonuclease domain (SghWI in REBASE). The assortment of the domain association suggests a combinatorial nature between the bacterial SRA domain and different types of cleavage domains. The domain association may also shed light on its possible biological roles. In all cases, it seems that the role of the SRA domains is to bring the DNA cleavage activity close to the modified DNA sites. Such activity may become useful when the bacterial cells are under attack from bacteriophages with modified DNA. 
SRA domain of Sco5333 and Tbis1 is much more like SRA SUVH5 than SRA UHRF1
Sco5333 and SRA SUVH5 bind to 5mC either in fully-or hemi-methylated DNA, in sharp contrast to SRA UHRF1 which preferentially binds to hemi-methylated DNA over fully-methylated one. ITC studies revealed that one molecule of 5mC DNA duplex was bound by two SRA domains in the dimer form whereas the hemi-methylated CpG is bound by one SRA UHRF1 . This stoichiometry is quite like SRA SUVH5 and might be related to the length of the NKR finger. In SRA UHRF1 , a steric clash may arise if two long NKR fingers intercalated from opposite directions into DNA groove containing 5-methylcytosine (13) (14) (15) . SRA SUVH5 and SRA Sco5333 have a much shortened and disordered loop that corresponds to long NKR finger of SRA UHRF1 (Supplementary Figure S2) , this loop does not insert into the DNA groove, therefore leaving enough space for another domain to bind and flip out the base on the complementary strand. Moreover, the key residue on the thumb which takes place the flipped base and pairs with the orphaned guanine on the complementary strand is glutamine Q392, Q30 and Q28 in SRA SUVH5 , Sco5333 and Tbis1, respectively, however is valine in SRA UHRF1 . Compared to the valine, glutamine skeleton has two additional carbons and an amide group that makes it much closer to the unpaired guanine (<3.1Å) and forms stable hydrogen bonds with it (16) . As a result, the SRA domain of Sco5333 functions more likely as SRA SUVH5 than as SRA UHRF1 .
The contribution of dual metal ion binding motifs to its cleavage activity
Two ion binding motifs were identified in the HNH domain of Sco5333 and its orthologs, one is zinc finger binding motif that is composed of CX 2 CX 36 CX 2 C, the other one is the HNH motif. They overlap in the primary amino acid sequence. Sco5333 showed non-specific DNA cleavage in the presence of Mn 2+ or Mg 2+ , but DNA cleavage activity in Mg 2+ was suppressed by equal molar or higher concentration of Zn 2+ . We hypothesize that coordination of Zn 2+ by Zinc finger is much more stronger than Mg 2+ or Mn 2+ (Figure 4B) , similar to R.KpnI in which binding affinity of Zn 2+ by ZF is much higher than to HNH motif (38) . Binding of Zn 2+ to the Zinc finger may induce a conformational change of the overall structure of Sco5333. Our result demonstrated that increasing Zn 2+ can enhance the binding affinity of Sco5333 to 5mC DNA ( Figure 5A and B As another note, the predicted structure of HNH motifs of Sco5333 and Tbis1both possess the ␤␤␣-Metal Fold, but compared to other three active ZF-HNH dual motif domains, such as Anacas9, Gme HNH and T4eVII, their first ␤-sheet lack an asparagine residue ( Figure 1C and Supplementary Figure S5 ) that is crucial to the coordination of metal ion other than Zn 2+ . This defect might in part explain in vitro weak cleavage activity of Tbis1 and Sco5333 that requires at least 40-fold excess of protein to DNA.
The difference between in vivo toxicity and in vitro cleavage activity by SRA-HNH proteins
Our results have shown that plasmids expressing Sco5333 and Tbis1 could not be established in E. coli hosts with Dcm-methylation whereas they can be maintained in the hosts without 5mC methylation. However, when induced by IPTG, the methylation deficient E. coli ER2566 expressing Tbis1 lysed ( Figure 2B , third panel) while E. coli BL21 (DE3) expressing Sco5333 showed similar growth curves between the wild type and mutants ( Supplementary Figure S6) . This difference might imply that HNH motif of Tbis1 is more promiscuously active than that of Sco5333 toward non-methylated DNA. This speculation is supported by lower transformation efficiency of pTbis1 into ER2566 than pJTU4356 (encoding Sco5333) into BL21 (DE3) (Figure 2A and B) . Consistent with this observation, a much lower concentration of Tbis1 can generate linear plasmid in the in vitro cleavage assay.
The in vivo toxicity of SRA-HNH protein to E. coli strains with the Dcm methylation requires both SRA domain and HNH motif (Figure 2A) . But under in vitro conditions, purified enzymes cannot discriminate methylated or non-methylated DNA with respect to DNA cleavage. We demonstrated that the in vitro non-specific cleavage indeed stems from the enzyme rather than the contaminating nuclease. It also correlates with the observation that methylationdeficient cell expressing Tbis1 lysed upon induction by IPTG. Therefore, DNA cleavage activity by SRA-HNH, regardless of in vivo and in vitro, is very weak compared to typical restriction endonucleases. This speculation is not contradictory with the toxicity to host with 5mC modification. As the SRA domain can specifically bind to 5mC with high affinity, its cognate HNH domain may continuously exert its cleavage activity in the vicinity of target 5mC sites; Moreover, the tight binding of SRA protein to its target sequence might prevent the DNA repair systems to access the damaged sites. For the non-methylated host, the HNH domain can only transiently nick the chromosome DNA without the SRA-directed binding, so the damage of DNA might be repaired in a timely manner.
Possible roles for SRA-HNH protein in bacteria
Restriction endonucleases are often accompanied by DNA methylases (39, 40) . In the genome of S. coelicolor, sco5333
has an adjacent Type IIG restriction enzyme/N6-adenine DNA methyltransferase gene sco5331 located downstream. The neighbouring configuration of Sco5331 and Sco5333 were not conserved in other bacterial genomes, indicating that their association may be coincidental. For Tbis1, one of the immediate adjacent genes is a rRNA adenine methyltransferase.
Sco5333 was isolated from S. coelicolor, a model strain with stringent restriction of alien DNA bearing 5mC and 6mA methylation (41) . We previously identified a type IV HNH endonuclease ScoMcrA which can restrict phosphorothioated DNA and Dcm-methylated DNA (42) . But the scoMcrA knockout mutant still displayed strong restriction activity to 5mC DNA. Here we show that Sco5333 may contribute to the observed restriction.
Interestingly, sco5333 was located in a typical genomic island that is flanked by two almost identical copies of ArgtRNA genes. Genomic islands are often associated with horizontal gene transfer (43) . This finding is well fit to the notion that the restriction and methylation systems are located in the mobile element to respond to environmental threats such as phage attacks (44) . Combination a typical SRA domain and an endonuclease characteristic HNH domain may represent a high efficient mechanism to counteract the threat of alien DNA bearing 5mC. The advantage by employing SRA-HNH is easy discrimination of 5mC DNA from its own DNA. More importantly, the extremely low DNA cleavage activity of the cognate zinc finger-HNH can to the maximum extent reduce the damage to the unmodified part of its chromosomal DNA. SRA-HNH might be an universal mechanism in restricting methylated DNA as most type IV restriction enzymes identified has the SRA structure and HNH motif.
